In patients with the blind loop syndrome intestinal abnormalities conducive to stasis and bacterial proliferation within the contents of the small bowel are associated with vitamin B12 deficiency and steatorrhea (1) . Mechanisms involved in the pathogenesis of this syndrome have not been defined although evidence derived from patients (2) and experimental animals (3) suggests that the host may be deprived of vitamin B12 because bacterial uptake of microgram quantities of the vitamin makes it unavailable for absorption. A similar explanation for steatorrhea seems less likely, however, since in the case of lipids, bacteria would have to compete for gram rather than microgram quantities. Reports of steatorrhea in clinical (2, 4, 5) and experimental (6, 7) forms of the blind loop syndrome have demonstrated decreased fecal fat excretion after antibiotic therapy, but such studies have not provided evidence concerned with mechanisms whereby small bowel bacterial overgrowth might result in steatorrhea.
Excessive fecal fat losses in the blind loop syndrome could occur in the absence of malabsorption if intestinal production of lipids derived from intestinal bacteria or from sloughed intestinal mucosal cells were increased. On the other hand, it is entirely possible that intraluminal bacteria might be capable of impairing one or more of the processes normally involved in the absorption of dietary fat.
In the present investigation studies were carried out in rats with experimentally induced small bowel stasis and in one patient-with the blind loop syndrome. Fat balance studies were performed, and measurements were made of the hydrolysis and fecal excretion of 14C-labeled triolein. In addition, the effects of blind loop intestinal juice were observed upon the uptake and esterification of fatty acid by rat intestine in vitro. Finally, an attempt was made to find abnormal bile salts in bacterially contaminated intestinal juice and to demonstrate alteration of labeled cholic acid by bacteria obtained from blind intestinal pouches. The results suggest that steatorrhea in the blind loop syndrome is best explained by poor absorption of dietary fat and that bacterial alteration of bile salts may play a pathogenetic role.
Methods
Studies in a patient with the blind loop syndrome. A 68-year-old man was studied 7 years after a side-to-side jejunojejunal anastomosis had been performed to relieve small bowel obstruction due to adhesions. Macrocytic, megaloblastic anemia, low serum vitamin By, levels, and steatorrhea were present. Anemia had been corrected by vitamin B12 therapy before fat balance studies were begun. Fat balance studies were performed over 6-day periods when the patient ingested approximately 100 g of fat daily. The estimated amount of fat consumed was periodically checked by assaying a full day's diet for total fatty acids. Feces were kept frozen during the collection period and were homogenized in the container in which they were collected. Total fatty acids present in the diet and in fecal collections were estimated by the method of Van de Kamer, Huinink, and Weyers (8) .
Intake and fecal excretion of total fatty acids were measured on several occasions. During control periods the patient received no antibiotic therapy for at least 2 weeks before the fat balance study was begun. On other occasions tetracycline, 1.5 g daily, was administered orally for 2 weeks before as well as during the fat balance study. On one occasion alteration of the patient's normal intestinal flora was attempted by administration of Lactobacillus casei. This was supplied as a liquid con-centrate. 1 The patient ingested 5 X 109 viable organisms daily for 1 week before and during a fat balance study.
A comparison of two extraction methods for fecal lipids was carried out. Results of analyses for total fecal fatty acids were not significantly different whether hydrolyzed lipids were extracted into petroleum ether as originally described by Van de Kamer and co-workers (8), or into toluene as more recently recommended by Jover and Gordon (9) . Fecal fatty acid excretion over a 6-day period was 132.7 g when determined by petroleum ether extraction, as compared to 131.5 g by toluene extraction.
On two occasions, once before therapy was begun, and once after the patient had received 1.5 g of tetracycline daily for 2 weeks, a Miller-Abbott tube was passed under fluoroscopic control into the region of the surgically produced blind loop. In an effort to estimate hydrolysis of radioactive triolein, intestinal juice was collected by siphonage in 30-minute aliquots for 2 hours before and for 2 hours after oral administration of 10 uc of triolein-C dissolved in 20 ml of corn oil. Extraction and separation of labeled lipids present in intestinal juice were carried out as described below.
Fat balance studies in rats with experimentally induced small bowel stasis. In female albino rats weighing 200 to 250 g a small intestinal pouch was surgically created according to the method of Cameron, Watson, and Witts (10) . A "self-filling" pouch was made in such a way that peristalsis was in the direction of the blind end of the pouch, allowing stasis of intestinal contents and proliferation of intestinal bacteria. In "self-emptying" pouches, however, peristalsis was in the opposite direction and tended to keep the sac empty. A self-filling pouch 8 cm in length was formed either proximally (10 cm distal to the ligament of Treitz) in the mid-small bowel, or distally (at the ileocecal valve). Self-emptying pouches were made in the mid-small bowel only.
Operated and unoperated rats were maintained in individual cages and were fed a fiber-free, vitamin-enriched diet containing 6.0 to 8.5 g of lipid per 100 g of food.2 The amount of food ingested was estimated by differential weighing of food cups. With the aid of a feces-urine separator, stools were collected twice daily and stored at -20' C. At the end of each 6-day period the entire fecal collection from each rat, as well as a sample of the diet, was analyzed for total fatty acids (8) . In one series of analyses portions of fecal digests were also extracted into toluene, according to the method of Jover and Gordon (9) . In three control rats and in ten rats with blind pouches fecal fat excretion was not different when measured by these two extraction procedures. Fecal fat excretion was expressed as per cent of dietary fat intake. 4 diluted with corn oil. Both radioactive compounds were found to be homogeneous when chromatographed on thin layer silicic acid. From a tuberculin syringe 1 ml of corn oil containing 0.06 ,uc of labeled lipid was injected through fine polyethylene tubes placed in the stomachs of unanesthetized rats, and with a separate syringe the polyethylene tubes were flushed with 1 ml of water. The tuberculin syringe was weighed before and after the dose of radioactivity was given, and weighed aliquots of the administered material were used as standards.
These standards as well as the total 6-day fecal collection from each rat were digested and extracted into petroleum ether as described by Van Esterification of fatty acids by slices of rat intestine in vitro was measured by modifications of the procedure described by Dawson and Isselbacher (12) . Everted rat intestinal slices were prepared and distributed into incubation flasks as described (12) . Control incubation flasks contained 4 ml of KRB, whereas experimental flasks contained 2 ml of KRB and 2 ml of redissolved intestinal juice. After (11) .
To determine total radioactivity taken up by intestinal slices, 5-ml aliquots of tissue extract were transferred to counting vials, evaporated to dryness, and prepared for liquid scintillation counting as described above. The remainder of the extract was evaporated to dryness at 500 C under nitrogen and redissolved in 0.1 ml of chloroform. Samples were then subjected to silicic acid thin layer chromatography in duplicate with petroleum ether: diethyl ether: glacial acetic acid (90: 20: 1.5) used as the solvent system. A mixture of purified triglyceride, diglyceride, monoglyceride, and free fatty acids 6 served as standard. Areas of silicic acid containing appropriate lipid fractions were located by iodine vapor and were scraped from the plate directly into counting vials that contained toluene-based scintillant. In 155 separations of radioactivity present in tissue extracts 92%
11.0 SD of the radioactivity applied to chromatographic plates was recovered from the scrapings.
Measurement of bile salts. Cholic and deoxycholic acid 7 were recrystallized three times from 70% ethanol. Bile salts were extracted from intestinal juice and from incubation mixtures by the method described by Borgstr6m, Lundh, and Hofmann (13), and free deoxycholate concentrations were estimated by the method of Sjovall (14) . Free cholate and deoxycholate were separated by thin layer silicic acid chromatography with solvent systems described by Eneroth (15) and by Hofmann (16) . Location on the chromatograms was accomplished with iodine vapor. "C-labeled cholic and deoxycholic acid4
were also subjected to thin-layer chromatography. Appropriate areas of silicic acid were scraped from the plates and eluted with 70% ethanol. after the feeding of either labeled triolein or labeled oleic acid (Figure 3 fecal excretion of radioactivity after the oral administration of labeled fats and total fecal fat excretion as determined by fat balance studies. Hydrolysis of 14C-labeled triolein. Within 30 minutes after labeled triolein was injected directly into the duodenum most of the radioactivity recovered from small intestinal contents was found to be in the form of fatty acid and monoglyceride. As can be seen in Table III , intraluminal hydrolysis of labeled triolein was equally efficient in rats with self-filling pouches and steatorrhea and in unoperated control animals.
In all experiments in which intestinal juice was obtained after administration of labeled triolein to rats with blind pouches, less than 0.6% of In vitro uptake and esterification of oleic acid-1_14C by rat intestine. As shown in Table IV labeled oleic acid was observed to be taken up from the incubation medium and esterified by slices of rat intestine. The major proportion of Figure 4 . Dilution of both rat and human intestinal juice extracts resulted in diminution of their inhibitory effect, and the extent of inhibition was in general proportional to the measured concentration of deoxycholate-like material in the incubation flask. Furthermore, the inhibitory effects of authentic free deoxycholate were quantitatively similar to those observed with intestinal juice extracts containing comparable quantities of measured deoxycholate. Sediment of rat intestinal pouch contents containing a mixed bacterial flora was incubated at 370 C for 3 hours in thioglycollate broth containing 1 umole per ml of 14C-labeled cholic acid. Chromatography on thin layer silicic acid demonstrated production of a 14C-labeled compound having chromatographic characteristics similar to those of deoxycholate ( Figure 5 ). When pure cultures of E. coli, Pseudomonas aeruginosa, Proteus vulgaris, or Streptococcus fecalis obtained from blind pouches were mixed with labeled cholic acid, bacterial conversion could not be demonstrated.
FIG. 4. EFFECT OF DEOXYCHOLATE AND ETHANOL EX
As shown in Figure 6 , free cholic acid in a concentration of 1.0 umole per ml did not inhibit in vitro intestinal esterification of labeled oleic acids, whereas the same concentration of deoxycholic acid was markedly inhibitory. The supernatant of a mixed intestinal bacterial culture did not alter in vitro esterification. When cholic acid was added to the bacterial culture, however, the resulting supernatant fluid was inhibitory.
Histological studies. A suction biopsy taken from the jejunum of the patient at a time when the small bowel lumen was massively-contaminated with bacteria appeared to be histologically normal. Examination of the jejunal mucosa of six rats with blind pouches and steatorrhea failed to demonstrate any striking abnormality by light microscopy when compared with the mucosa of unoperated animals. Everted intestinal rings incubated in KRB for 45 minutes had the same morphological appearance as everted slices that 1821 302 were fixed immediately after the animal was sacrificed. Intestinal slices incubated in media containing measured or authentic deoxycholate in a concentration of 0.6 jtmole per ml or greater showed the marked destruction of mucosa previously noted by Dawson and Isselbacher (12) . No such effect was observed, however, with deoxycholate concentrations of less than 0.5 tumole per ml.
Discussion
Administration of tetracycline to the patient with the blind loop syndrome corrected steatorrhea and at the same time reduced the numbers of bacteria present in the small bowel. Similarly, administration of neomycin or surgical extirpation of the blind pouch resulted in prompt reduction in fecal fat excretion in rats with small bowel diverticula. Thus, steatorrhea both in the patient and in the experimental animals can reasonably be attributed to bacterial proliferation within the lumen of the small intestine.
When 14C-labeled fats were administered to rats with blind pouches, the amount of radioactivity recovered from the lipid fraction of feces was increased. Furthermore, the proportion of orally administered radioactivity excreted in the stool by these animals correlated closely with the per cent of total fat intake that was excreted in the feces. Since the fecal excretion of orally administered labeled lipid was not consistently less than the proportion of total ingested lipid that appeared in the stool, no evidence was obtained to support the concept that increased intestinal production or secretion of lipid constituted an important source of the steatorrhea observed in the experimental blind loop syndrome. On the other hand, these data would not distinguish between impaired absorption and increased loss of endogenous fats if the labeled triolein or oleic acid mixed immediately with the intraluminal lipid pool throughout the small bowel before significant quantities of radioactivity could be absorbed. If this occurred, then fecal loss of radioactivity would simply be proportional to the total intestinal lipid pool whether that pool were due to decreased absorption of dietary fat or increased intestinal production or secretion of fat. Absorption of dietary fat, however, occurs mainly in the proximal small bowel, whereas synthesis or secretion of lipid would be expected along the length of the intestine. Furthermore the rapidity with which lipids are absorbed would suggest that significant absorption of the labeled fats would occur before mixing with lipids along the length of the intestine would be complete. From the observed correlation between fecal excretion of radioactivity and total fecal fat excretion it seems likely that the steatorrhea observed in the experimental blind loop syndrome is best explained on the basis of malabsorption of dietary fat.
Webb, James, and Kellock (18) have demonstrated the presence of hydroxylated fatty acids in the feces of certain patients with steatorrhea. These hydroxylated fatty acids result from bacterial metabolism (19) and, according to Jover and Gordon (9) , are extracted into toluene but not into petroleum ether. Although intestinal bacterial formation of significant quantities of hydroxy acids might reasonably be expected to contribute significantly to the steatorrhea observed in the blind loop syndrome, fecal fatty acid excretion determined by toluene extraction was not different from that measured by petroleum ether extraction of the feces of the patient and experimental animals with the blind loop syndrome. The results therefore do not support an important role for bacterial production of hydroxylated fatty acids in the pathogenesis of blind loop steatorrhea.
Bacterial overgrowth in the lumen of the small bowel might possibly cause fat malabsorption as a result of direct damage to the intestinal epitheliutm. Although blunting of jejunal villi has been described in one case of jejunal diverticulosis (20) , in most instances of either clinical (4, 5) or experimental (7, 21) malabsorption associated with excessive bacterial proliferation in the small intestine, the intestinal mucosa has been reported to be essentially normal by light microscopy. In this study no striking histological abnormality was encountered. Intraluminal destruction of lipase by bacteria is also a conceivable mechanism for fat malabsorption in the blind loop syndrome. In rats with blind pouches, however, labeled fatty acid and triglyceride were both poorly absorbed, and intestinal lipolysis was observed to be as efficient in rats with steatorrhea as in control animals. In addition, the patient with the blind loop syndrome demonstrated nearly complete intestinal hydrolysis of triglyceride in the presence of massive bacterial contamination of the jejunum and definite steatorrhea. From these results bacterial destruction of lipase would appear to be an unlikely explanation for steatorrhea. It remains possible, of course, that bacteria themselves may have a lipolytic effect.
It has previously been shown that when radioactive cyanocobalamin was administered orally to rats with blind pouches, most of the radioactivity recovered from intestinal contents was bound to bacteria (3) . In the present study, however, when labeled triglyceride or fatty acid was administered to the patient or to experimental animals, less than 1I% of the radioactivity recovered from intestinal contents was present in the centrifuged sediment. Bacterial uptake of ingested fat would therefore seem to be an unlikely mechanism for fat malabsorption in the blind loop syndrome.
The role of bile salts in normal fat absorption has been the subject of much recent attention. As a result of the formation of mixed micelles with monoglyceride and free fatty acids, bile salts play an important role in the dispersion of lipids in the aqueous intestinal contents (22) . In addition, in vitro (12) and in vivo (23) studies suggest that conjugated bile salts may be necessary for normal intestinal esterification of fatty acids, an important step in fat absorption. As previously suggested by Dawson and Isselbacher (12) , it is possible that bile salt metabolism might be altered in the blind loop syndrome since intestinal microorganisms are capable of hydrolyzing conjugated bile salts (24) and of converting cholate to deoxycholate (25) and other bile salt derivatives (26) . Bacterial formation of free deoxycholate or a closely related compound might be of particular importance since deoxycholate inhibits intestinal esterification of fatty acids in vitro (11) .
In an attempt to extend the observations of Dawson and Isselbacher (12) uptake and esterification of fatty acid by rat intestine were measured in vitro (Table IV) . These workers noted that the principal effect of various inhibitors was on esterification rather than on uptake of the fatty acid. In the present study, however, incubation in the cold or in the presence of inhibitory substances resulted in greater impairment of fatty acid uptake than of esterification. The experimental technique differed somewhat from that described by Dawson and Isselbacher in that labeled oleic rather than palmitic acid was used, intestinal slices were preincubated with inhibitors before addition of labeled fatty acid, and a higher concentration of albumin was present in the incubation medium. Nevertheless the differences in the relative effects of inhibitors upon uptake and esterification remain unexplained.
In any event the supernatant of bacterially contaminated intestinal juice inhibited both uptake and esterification of labeled oleic acid by rat intestine in vitro. That such inhibition might result from bacterial action of bile salts was suggested by several observations. The inhibitory factor was not destroyed by boiling or by extraction into alcohol, and the extent of inhibition was proportional to the measured concentration of deoxycholate-like material in the incubation medium. When mixed intestinal bacteria obtained from blind pouches of rats were incubated with cholic acid the resulting solution was found to be inhibitory. Furthermore, incubation of bacteria from blind pouches with labeled cholic acid yielded a radioactive substance chromatographically similar to deoxycholic acid. Conversion of cholic to deoxycholic acid by mixed rat cecal bacteria has been described previously (25) , but formation of deoxycholate by pure cultures of intestinal bacteria has been difficult to demonstrate (26) and was not accomplished in the present study.
Bacterial alteration of bile salts might also result in diminished fat absorption because of subsequent impaired formation of mixed micelles. Kim and co-workers (27) have recently presented preliminary data that suggest that the proportion of ingested lipid recovered from the micellar phase of intestinal contents was reduced in a dog with a jejunal blind loop. These workers also reported findings in agreement with data presented in the present study. In their dogs with blind pouches lipolysis was normal, hydroxy acid formation did not appear to be important, and bile salt metabolism appeared to be altered by bacteria proliferating in the jejunum. 
